In vitro model of the blood-brain barrier established by co-culture of primary sheep cerebral microvascular endothelial and astrocyte cells.
INTRODUCTION
The blood-brain barrier (BBB) is a low-permeability cell system between the central nervous system and circulating blood [1] . It acts as a 'physical barrier' because complex tight junctions between adjacent endothelial cells force most molecular traffic to take a transcellular route across the BBB, rather than moving paracellularly through the junctions, as in most endothelia [2] . The BBB mainly comprises brain microvascular endothelial cells (BMECs), basement membrane, and astrocytic foot, processes. The specific structure and function of the BBB mean it is difficult to replicate in an in vitro model. It is therefore important to establish a model that is as close to the in vivo environment as possible, and can be easily replicated [3] . Cell-culture-based models have greatly contributed to our knowledge on the physiology, pathology and pharmacology of the BBB [4, 5] . Since 1973, when the first in vitro model of the BBB was established by the successful isolation of brain microvessels several models constructed from cultured cells have been developed [6, 7] . Originally, the BBB model is made up of monolayer BMECs, which inadequately represents the structure of the BBB. As the research moves along, researchers found that astrocytes(ACs) could be recognized as regulators of brain endothelial characteristics and functions [8, 9] . Astrocytes are able to induce among others the formation of interendothelial TJs [10] , a fundamental characteristic of the BBB. A great number of currently used in vitro BBB model is composed of coculture of brain endothelial cells with astrocytes [11, 12] .
Listeria monocytogenes (LM) is a Gram-positive, facultative intracellular bacterium known to cause invasive disease in humans and animals, especially central nervous system (CNS) infections [13, 14] . LM is a food-borne pathogen that typically enters the host through the gastrointestinal tract, from where it can cross the intestinal epithelium. After dissemination via the lymph and blood stream, LM resides in the liver and spleen, where it multiplies and can lead to the formation of abscesses. LM has the ability to induce meningitis, septicemia, abortion, and mononucleosis [15] [16] [17] . Although there are many different virulence factors, internalins play a key role for LM in the invasion of non-phagocytic cells [18] . Previous studies have shown that the surface proteins InlA and InlB are interdependently required for the invasion by LM in a human model of the bloodcerebrospinal fluid barrier based on human choroid plexus papilloma cells [13] .
With the aim to provide a powerful tool for studying the mechanisms of brain invasion mediated by internalins of LM, we established a BBB model in vitro using primitive coculture of sheep BMECs and ACs.
MATERIAL and METHODS

Animals and Ethical Concerns
Male or female sheep, aged two months, were obtained from the Lab Animal Research Institute of the China Academy of Medical Sciences and were housed in the facilities with the relatively constant temperature of 25±2°C. All animals were treated in strict accordance with the NIH Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23) and were approved by the Animal Ethics Committee of Shihezi University (Approval No. AECSU2016-9-S). During the experiment, every effort was made to minimize animal suffering.
Materials
Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco (Grand Island, NY, USA), and Transwell inserts (aperture 0.4 µm) were purchased from BD Falcon (Franklin Lakes, NJ, USA). All reagents used in the study were purchased from Sigma (Saint Louis, MO, USA). Transendothelial electrical resistance (TEER) was measured using Millicell-ERS (Millipore, Bedford, MA, USA) and detection of horseradish peroxidase (HRP) was completed using a microplate spectrophotometer (Multiskan MK3, Thermo, Boston, MA, USA).
Isolation of BMECs
Primary cultures of BMECs were isolated from two-monthold sheep according to a previously described protocol [19] , with some modifications. Under aseptic conditions, the pia mater and surface vessels were carefully removed from the forebrains. The cerebral cortex was washed twice with ice-cold D-Hanks' solution before mincing into small pieces of approximately 1 mm 3 in DMEM. The pieces were then dissociated by up-and-down strokes with a 15-mL centrifugal tube in DMEM containing collagenase type II (1 mg/mL) and then digested in a shaker for 1.5 h at 37°C. The cell pellet was separated by centrifugation (1000×g, 10 min, 25°C), and then centrifuged again in 15% dextran. Microvascular fractions were separated by centrifugation (3000×g, 20 min, 4°C). Clusters of microvessel endothelial cells obtained in the pellet were further digested with collagenase type II (1 mg/mL) in DMEM for 10-15 min at 37°C, collected and washed twice in DMEM before plating on type IV collagen-coated plastic dishes. The cultured BMECs were maintained in DMEM supplemented with 10% (v/v) FBS, basic fibroblast growth factor (bFGF, 1.5 ng/mL), heparin (100 µg/mL), penicillin (100 U/mL), and streptomycin (100 µg/mL) at 37°C, in a humidified atmosphere of 5% CO 2 /95% air, for 2 days. On the third day, the cells were seeded at 2×10 4 cells/cm 2 into a new medium, which contained all the components of the medium. The medium was changed once every two days. Pure cultures of BMECs were obtained and stored in liquid nitrogen until used.
Isolation of ACs
Sheep ACs were isolated according to a previously described protocol, with some modifications [20] . The cerebral hemispheres were aseptically removed from sheep. The sheep brains were dissected out and put into precooled D-Hanks' solution. The pia mater and surface vessels were carefully removed from the ice, and the cortical pieces were mechanically dissociated in fresh D-Hanks' solution. The tissue was digested in 0.25% trypsin for 15 min at 37°C, and then AC culture medium (DMEM/F12 supplemented with 20% FBS) was added to stop digestion. The cells pellet were separated by centrifugation (1000×g, 5 min), resuspended in AC culture medium, and then stationarily incubated for 10 min to remove impurity; this was repeated three times. Dissociated cells were collected by further centrifugation (1000×g, 5 min) and then resuspended in AC culture medium; the isolated filtrate was filtered through 100 and 200-mesh screens, respectively. The cells were seeded into plastic dishes coated with collagen type IV at 37°C with a humidified atmosphere of 5% CO 2 /95% air. The medium was changed once every two days. After reaching 80% confluence (7 th day in vitro), the cultures were JIANG, WANG horizontally shaken for 18 h at 37°C (200 r/min) to remove oligodendroglia and microglia. The purified ACs were collected and washed twice with PBS before digesting with 0.25% trypsin, and then fresh AC culture medium was added to construct an in vitro BBB model.
Construction of In vitro BBB Models
To construct the various in vitro models of BBB, the ACs were seeded on the bottom side of the collagen-coated polyester membrane at 3×10 5 cells per insert of the Transwell inserts and cultured for 4 days. After 4 days, BMECs were seeded on the inside or upper side of the inserts at 3×10 5 cells per insert and placed in the wells of the 24-well culture plates. Following 10 days of co-culture, the medium was removed and replaced with DMEM/ F12 complete medium, and supplemented with 10% FBS every two days at 37°C with a humidified atmosphere of 5% CO 2 , ensuring at the same time that the outside and inside of the Transwell inserts are maintained at the same liquid level ( Fig. 1 and Fig. 2 ). To study the barrier integrity on negative controls, BMECs and ACs were cultured alone on the inserts, respectively. The BMECs and ACs were co-cultured for 10 days and utilized in the experiments below. Co-cultures were independently prepared for each experiment.
Observation of Cell Morphology
The cells were observed under an inverted microscope to detect the conditions of adherence and growth. Inverted microscope pictures were taken to document the results.
Detection of transepithelial Electrical resistance (tEEr)
Permeability changes in the BBB can be detected by changes in TEER, which directly reflects the structural integrity of the BBB [21] . We measured TEER in the co-culture model and single-layer (BMECs or ACs) groups at 1 th day, 2 th day,, 3 th day,, 4 th day,, 5 th day, and 6 th day, after BMECs seeding. The measurements were adjusted for insertion of the Millicell ERS-2 Volt-Ohm Meter (Millipore, Boston, MA, USA) into 70% ethanol for 15 min. The samples were air-dried for 15 sec and washed in sterilized electrolyte solution. The short and long electrode probes were inserted vertically into the medium inside and outside the Transwell chamber, respectively. TEER of coated, but cell-free filters, was subtracted from the measured TEER values of the models, shown as Ω/cm 2 , and the values recorded [22, 23] .
Liquid Surface Leakage test
Once the TEER value was constant, DMEM was added to the interior of the Transwell chamber to maintain a depth of 0.5 cm between the medium inside and outside of the Transwell. The depths of the media above and below the Transwell chamber were measured again after culturing for 4 h at 37°C under 5% CO 2 condition. If the difference between the liquids remained at 0.4-0.5 cm, this showed that the cells had formed a positive sense barrier [24] [25] [26] [27] .
In vitro HrP Permeability test
The co-culture model with stable TEER values was chosen to test the permeability of HRP. The DMEM medium Sheep BMECs and ACs were isolated 10 days before the establishment of the co-culture system. To purify the BMECs, the cultured cells are kept in the presence of puromycin for 2 days. First, ACs were seeded on the bottom side of the collagen-coated polyester membrane of the Transwell inserts and allowed to adhere to the wall for 1 day. The day when the endothelial cells were plated and models were established was defined as day zero in vitro (day 0). Hence on day 0, the BMECs were added to the top of the Transwell inserts. From 1 th day, cells are grown in DMEM/F12 culture medium containing 10% FBS and experiments were then performed on day 10 (not displayed)
In vitro Model of the Blood-brain ... from inside Transwell inserts was discarded, 300 µL of fresh DMEM/F12 supplemented with 5 µM HRP was added to the inside of the Transwell inserts, and 900 µL of fresh DMEM/F12 was added to the well of the 24-well culture plates. This was to make sure the liquid remained at the same level to eliminate the effects of hydrostatic pressure in the permeability of HRP. The plates were then cultured at 37°C with a humidified atmosphere of 5% CO 2 for 24 h, 50 µL of the medium was absorbed at 4 th h, 8 th h, 12 th h, 16 th h, 20 th h, 24 th h, respectively, and was stored in the well of the 96-well culture plates at 4°C. This was followed by adding 50 µL of fresh DMEM/F12 into the plates instantly. Finally, 100 µL of HRP substrate (TMB & H 2 O 2 ) was added and a color development for 3 min was performed, then 50 µL of 1 M H 2 SO 4 was added to end the reaction and measured at 450 nm. The permeability of HRP was calculated from a standard curve: 
Statistical Analysis
Data are expressed as the means ± standard deviation (SD). Statistical analysis was performed using One-way analysis of variance in SPSS 20.0 software (SPSS, Chicago, IL, USA). Changes were considered statistically significant at P<0.05. All experiments were repeated at least three times.
RESULTS
Observation of Cell Morphology
Primary culture BMECs showed regional monolayer growth at 3 days (Fig. 3A) . As incubation time increased, other cells disappeared while endothelial cells proliferated, appearing pale with a polygonal or fusiform shape, a nuclear membrane, and spiral distribution. By 10 days, the endothelial cells had integrated, forming a dense, cobblestone-like monolayer (Fig. 3B) . Most primary cultured ACs had adhered to the wall by the third day of culture, and a small number of short branching processes were observed between the cell bodies ( Fig. 3C) . At 5 days, all cells had adhered to the wall, and the number of cell bodies had markedly increased, with many slender branching processes stretching between neighboring cells (Fig. 3D) .
tEEr
The TEER value in the co-culture model and single layer groups increased with time. The co-culture model was higher than the two single-layer groups as reflected by the TEER values. The resistance of co-culture model increased up to 345.50±13.90 Ω/cm 2 at day 3, the highest value of the three models tested which significantly differs from other two single-layer groups ( Table 1) . TEER values plateaued by day 3 in three groups (Fig. 4) .
Detection of the Liquid Surface Leakage test
When the TEER value was constant, the difference between the depth of the medium inside and outside the Transwell were 0.2 cm and 0.3 cm after culturing for 4 h in the single-layer ACs groups and single-layer BMECs groups, respectively. However, the difference was 0.4-0.5 cm after culturing for 4 h in the co-culture model, indicating that water molecules can no longer pass freely, the compact structure could withstand a strong osmotic pressure and the barrier function had been basically formed.
Permeability of HrP
If the HRP reacts with the substrates (TMB & H 2 O 2 ), it will result in a color development. The linear relationship between the concentrations (mol/L) of D 450 and HRP at 450 nm is D = 0.1617C + 0.0097, R 2 = 0.9983, respectively. After 4 h, the permeability of single-layer BMECs was 1.8%, and that of the co-culture model was merely 0.23%. The difference permeability of HRP was greater between the single-layer BMECs group and the co-culture model in the time that followed (Fig. 5) . After 24 h, it was in accordance with the results of the liquid surface leakage test.
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DISCUSSION
The BBB is highly specialized to allow precise control over the substances that leave or enter the brain and maintain the stability of the CNS and normal function of neurons through selective permeation. The monocultures of brain endothelial cells forming BBB models has become an important tool in the early research of BBB [28] ; however, it loses some important properties in contrast with in vivo models, such as increasing the permeability of tight junction and low-level expression of specific antigen [26] .
With the development of research, some investigators found that ACs are necessary for the BBB and play an important fundamental role in the development, maintenance, and regulation of the BBB in vivo [29, 30] . In many co-culture models, BMECs and ACs come from different animal species. Although there are no unified and recognized standards, it seems the best choice would be to choose same-genus BMECs and primitive ACs in the construction of BBB models in vitro. In view of BMECs and ACs in the BBB are not in direct contact, but have a space between them. We used Transwell chambers as the carrier for the co-culture of BMECs and ACs, and in this way, the functional characteristics of the cell function can be better maintained.
Primary Culture of Cells
Sheep BMECs and ACs were simultaneously isolated according to some previously described cell culture protocols [19, 20] , with some modifications. The pia mater and surface vessels that were carefully removed from the forebrains contribute to purifying the BMECs and prevent fibroblasts from polluting the endothelial cells. Great vessels and tissue mass could be efficiently/effectively removed through tissue homogenate, density gradient centrifugation, and cell strainers. Enzyme digestion combined with gradient centrifugation was used to separate and purify the capillaries in the brain. Cerebral microvascular tissue was completely separated from the brain by digestion with collagenase II and trypsin. To ensure endothelial cell vitality, the second digestion time of 10-15 min must be used.
Moreover, BMECs are difficult to culture and demand a strict growth environment. Previous studies have also reported that supplementing growth factor frequently in the medium promotes cell proliferation and slows down the growth of hybrid cells [31] , so we modified the DMEM/F12 culture medium by adding endothelial cell growth supplement (bFGF) to promote the growth of BMECs, and heparin sodium supplement to inhibit the growth of smooth muscle cells. Because of the weak adherence of BMECs [32] , we chose 1% collagen type IV to pre-coat the disposable culture bottles to facilitate adherence of capillaries and the growth of BMECs. But for ACs, the process is relatively simple. Because of the differential adhesion among fibroblasts, BMECs and ACs, we used a fresh cell culture bottle after 1 h of culture, and used the property to remove the fibroblasts and separate BMECs from available ACs. In addition, AC density is particularly important, AC growth is slow and may even cease [33] . It is, therefore, important to maintain high AC density during co-culture generation.
Evaluation Index of the In vitro BBB Model
TEER measurement was established as the most reliable, convenient and non-destructive method to quantify the integrity of endothelial monolayer or co-cultured [34] . TEER dynamic measurements showed that resistance on either side of the Transwell increased with cell growth. At day 3, TEER of three groups were constant, indicative of a dense structure. The statistical analysis of data revealed the co-culture group had a significantly higher TEER than the single-layer BMEC or AC groups (Fig. 4) due to astrocyteendothelial interaction, which is important to maintain the barrier function of the BBB. This may because the coculture could promote the expression of tight junctions to make the structure more compact. When TEER values were constant, we designed a 4-h leakage test to further verify the density of the structure. After 3 days, the results of the 4-h leakage test showed a constant liquid level gap between the inner and outer layers of the Transwell chamber in the co-culture group and were consistent with TEER values, indicating that the co-culture group had formed a compact structure. However, the liquid level difference of single-layer groups had been a decrease of varying degrees. These results indicated that the larger the resistance, the denser the cell structure. We had also shown here that there was a significant difference in HRP In the present study, we have constructed and characterized a BBB model consisting of the double co-culture of primary sheep BMECs and ACs, and we have shown the in vitro BBB model possesses in vivo BBB properties by detection of TEER, liquid surface leakage test and HRP permeability test. The co-culture model utilizes two different types of primary cells, therefore the method may pose a risk of low reproducibility in different laboratories. Preliminary results indicate that the co-culture model possess properties of the BBB in vivo and we will use it as a tool for studying the mechanisms of brain invasion mediated by internalins of LM.
